We report the measurement of terahertz vibration-rotation-tunneling spectra of ͑D 2 O͒ 4 in the spectral region near 4.13 THz. The characterization of this perpendicular band extends a previously reported study ͓J. Chem. Phys. 111, 7801 ͑1999͔͒. We observed 239 new transitions, each being split into a doublet of constant ͑approximately 192 MHz͒ spacing. These are included in a combined fit with the 113 previously measured transitions of the 2.03 THz parallel band using an effective Hamiltonian similar to that used in the global fit of the water trimer. The detailed understanding of the water tetramer evolving from this work underlies our efforts to quantify the contribution of many-body forces to the hydrogen bonding interactions in condensed phase water.
INTRODUCTION
Significant advances in the characterization of water clusters by terahertz vibration-rotation-tunneling ͑VRT͒ spectroscopy were achieved in a concerted effort to quantitatively describe the bulk phases of water at the molecular level. Water clusters up to the hexamer [1] [2] [3] have been studied in detail with this technique, and this work has been accompanied by important recent progress in theoretical calculations. Notably, Leforestier et al. 4 have developed a full dimensional ͑12D͒ potential surface for the water dimer via direct inversion of spectroscopic data and subsequently used it to evaluate the equilibrium constant for dimer formation in the atmosphere and the absorption of radiation by atmospheric dimers. 5 Bukowski et al. 6, 7 have developed a force field for water entirely from first principles, which predicts energy levels in excellent agreement with VRT experiments of the water dimer and provides a good description of bulk liquid properties. The extensive VRT spectroscopic studies of the water dimer have facilitated the determination of such accurate potential surface by providing rigorous benchmarks. [8] [9] [10] [11] [12] [13] The potential role of the water clusters in atmospheric chemistry is also generating much interest. 5 Pfeilsticker et al. 14 recently reported near-IR absorption of atmospheric dimers and suggested that the concentration of dimers was about 6 ϫ 10 14 cm −3 at room temperature. This figure agrees with the calculated value of 4 ϫ 10 14 cm −3 obtained by Dunn et al., 15 who also calculated concentrations of water trimers, tetramers, and pentamers of 10 12 , 10 11 , and 10 10 cm −3 , respectively. The water trimer ͓both ͑H 2 O͒ 3 and ͑D 2 O͒ 3 ͔ is the most highly studied water cluster beyond the dimer. 16, 17 The trimer has an almost planar equilibrium structure, wherein each of the water molecules acts as both a hydrogen bond donor and acceptor. The three nonhydrogen bonded hydrogen ͑deu-teron͒ atoms can undergo large amplitude motions, flipping from one side of the plane formed by the three oxygen atoms to the other side, resulting in six equivalent structures. The sequential flipping of these "free" hydrogen ͑deuteron͒ atoms can be thought of as a "pseudorotation," and the energy barrier for these torsional motions is very low. Fowler and Schaefer 18 calculated this barrier to be equal to 0.26 kcal/ mol using their TZ2P គ diff//DZPគ diff CCSD potential energy surface of the water trimer. Terahertz vibration-rotation-tunneling spectroscopy provides a direct probe of these torsional potentials. The torsional levels below 100 cm −1 for both ͑H 2 O͒ 3 and ͑D 2 O͒ 3 have been precisely characterized and included in the global fits. 16, 17 The other feasible rearrangement of the structures involves the exchange of two hydrogen ͑deuteron͒ atoms of the same water molecule. This "bifurcation" tunneling 19 has a higher potential barrier ͓2.04 kcal/ mol for ͑H 2 O͒ 3 from Ref. 18͔ than pseudorotation, and results in a characteristic small quartet splitting for each experimentally observed VRT torsional band transition of the water trimer ͑with the exception of the 583 GHz hot band Keutsch et al. 20 reported and some transitions involving K = 0 of degenerated torsional levels͒. Keutsch et al. 21 subsequently characterized a perpendicular band of ͑D 2 O͒ 3 at 142.8 cm −1 in the "translational band" region of the liquid. This band was assigned to a hydrogen bond stretching vibration and was fitted using the torsional Hamiltonian developed by Viant et al. 22 No bifurcation tunneling splittings were observed in this band either.
The existing data sets for the water tetramer ͓both The equilibrium structure of the water tetramer is calculated to have S 4 symmetry. [27] [28] [29] [30] [31] It is a cyclic homodromic structure, with each water subunit acting as both a hydrogen bond donor and an acceptor. The frame of the ring is almost planar and the four nearly linear O-H¯O bonds make the four oxygen atoms lay near the four corners of a square. The nonhydrogen bonded hydrogen ͑deuteron͒ atoms alternatively point up and down ͑abbreviated u and d͒ relative to the quasiplane of the oxygen atoms. As shown in Fig. 1 , there are two equivalent global minima ͑udud and dudu͒. These two equilibrium structures are interconvertable through torsional flipping of all free hydrogen ͑deuteron͒ atoms, though the exact tunneling path involved is not yet clear. [32] [33] [34] The higher symmetry of the water tetramer, relative to the water trimer and pentamer, has marked effects on its tunneling dynamics. For the trimer, because of the odd number of the free hydrogen ͑deuteron͒ atoms, there will always be a pair of neighboring free hydrogen atoms on the same side of the oxygen ring. This results in a "frustrated" equilibrium structure for the water trimer and thus lowers the barrier of the torsional motions that move the hydrogens from one side of the ring to the other. This is also the case for the water pentamer. 35 This motion generates the manifolds of torsional levels in the terahertz frequency region for the water trimer and pentamer that have been characterized by VRT spectroscopy. In contrast, for the water tetramer, flipping of a single free hydrogen atom is not favored as it yields a higher energy structure. Sabo et al. 34 and Graf and Leutwyler 36 calculated the four-dimensional torsional energy surface of the tetramer and found that the torsional levels are much higher in energy than those of the trimer and pentamer. Their calculated potential surface for the interconversion of the two equilibrium structures is similar to that for the inversion of the ammonia molecule.
Here we report further progress toward the complete characterization of the VRT dynamics and potential surface of the water tetramer. In particular, 239 new transitions were measured near 4.13 THz and fitted along with the previously measured data. We present the details of this study below.
EXPERIMENT AND RESULTS
In this work, we used the Berkeley terahertz spectrometer that has been described in detail previously. [37] [38] [39] Briefly, a line-tunable CO 2 laser is used to optically pump a molecular gas terahertz laser. The radiation generated from the terahertz laser is then directed to an antenna, which is in contact with a Schottky barrier diode. Tunable microwave radiation is coupled to the diode via the same antenna. The nonlinear response of the diode mixes the terahertz and microwave radiation and generates sidebands of frequency ͑laser͒ Ϯ ͑microwave͒. These tunable sidebands are multipassed in the throat of a pulsed planar supersonic expansion of D 2 O seeded in argon carrier gas. The absorption is detected by a liquid helium cooled Ge/ Ga photoconductive detector. The region scanned in this work is Ϯ118 GHz around the 70 m ͑4251.6736 GHz, CH 3 [23] [24] [25] reported unusual additional splittings of K = 2 transitions for the parallel bands of ͑H 2 O͒ 4 and ͑D 2 O͒ 4 , wherein the splittings increase with J 2 . This is probably due to the coupling between internal motion and overall rotation. In that analysis, the average frequencies of the additional splittings were used. The analysis in our previous report of this band 26 was hindered by severe Coriolis interactions, particularly for low K transitions, such that only the high-K transitions were included in a fit to the standard symmetric top rotational energy level expression. Similar problems were reported for the earlier works of the VRT spectroscopy of the water trimer. Viant et al. 22 proposed the torsional model analysis for the water trimer and predicted that both first-and second-order Coriolis effects exist and they arise from second order Coriolis coupling. The effective Hamiltonian developed from their model was successfully applied to the analysis of the water trimer and resulted in the satisfactory global fits of both ͑H 2 O͒ 3 and ͑D 2 O͒ 3 . 16 However, the VRT spectra of the water pentamer were analyzed without the second order Coriolis terms in the Hamiltonian. In the present study, we attempted to fit the new transitions to an effective Hamiltonian similar to that developed for the water trimer. These transitions have been least squares fit to the following energy level expressions using the SPFIT ͑Ref. 40͒ program, was also added. Both first-and second-order Coriolis terms are significant and cannot be removed. Equations ͑1͒ and ͑2͒ apply to the excited states of the 2.03 THz parallel band and the 4.13 THz perpendicular band, respectively. The resulting spectroscopic constants are listed in Table II . The rms of the fit is 1.9 MHz compared to the experimental error of 2 -3 MHz. The fitted results also compare well with previous results. [24] [25] [26] The use of this effective Hamiltonian allowed the inclusion of most of the observed transitions, although there are still some low-K transitions that are shifted too much to be included in the present fit. These include the K =1← 0, K =0← 1, and K =1← 2 transitions of the Q branch, and some K ഛ 2 transitions of the P and R branches. These transitions are very sensitive to the Coriolis coupling term, but not to the rotational constants. We list these transitions in Table III along with their tentative assignments. A complete analysis that includes these additional splittings and the shifted frequencies would require the development of a new Hamiltonian that is appropriate for the higher symmetry of the water tetramer.
VIBRATIONAL ANALYSIS
The first parallel band observed for the water tetramer ͑D 2 O͒ 4 at 2.03 THz ͑Refs. 24 and 25͒ was originally assigned to an A g → A u transition, corresponding to the torsional A u fundamental calculated by Schütz et al. 32 Cruzan et al. 23 42 seems to imply that the water tetramer is considerably more rigid than both the water trimer and the water pentamer. Jung and Gerber 44 studied water clusters using the correlation corrected vibrational self-consistent field approximation. They found that the water tetramer has a much smaller anharmonic effect than the water dimer and trimer. The previous report of the perpendicular band of ͑D 2 O͒ 4 at 4.13 THz ͑137.7 cm −1 ͒ ͑Ref. 26͒ assigned this band to an A g → E g transition, which was calculated by Schütz et al. 32 to be 174.7 cm −1 . This transition corresponds to the torsional E g fundamental. Sabo et al. 34 also calculated the torsional levels of the water tetramer from their four-dimensional calculation and reported a value of 184.68 cm −1 for this transition. Recently, Dunn et al. 42 23 of 67.9 cm −1 . It is also interesting to note that the anharmonic frequencies calculated by Sabo et al. 34 are higher than the harmonic frequencies calculated by Schütz et al. 32 Table IV lists the experimentally determined frequencies with their respective calculated values for comparison.
ROTATIONAL ANALYSIS
The rotational constants for water clusters also provide valuable information about their respective structures and dynamics. For all three observed vibrational states of the water tetramer, the rotational constants follow the approximate relation A = B Ϸ 2C, which suggests that the structure of the water tetramer is nearly planar. The fitted rotational constant C of the ground state agrees with the estimate from previous work. 24, 25 The B rotational constants for both the 2.03 THz band and the 4.13 THz band have similar values. The B rotational constant of the excited state of the 2.03 THz band is larger than that of the ground state, whereas the B rotational constant of the excited state of the 4.13 THz band is smaller. In the global fit of the water trimer, the B rotational constants the torsional bands exhibit a decreasing trend with increasing torsional energy levels. This supports the assignment of the 4.13 THz band to a torsional band.
The fitted rotational constants of the ground state lead to a positive inertia defect of 9.375 Å 2 . The inertia defect ͑⌬I͒ can be used to gain insight about the planarity of the molecule. It is defined as a linear combination of the principal inertia moments,
For a perfectly rigid and planar molecule, the inertia defect ⌬I should be exactly zero. In reality, molecules are not perfectly rigid, nor completely planar, and ⌬I is found to be nonzero ͑typically a small and negative value͒. The positive inertia defects found for both the ground state and the two excited states of the water tetramer are indicative of "quasiplanar" structures in these states. The large positive values obtained here reflect vibration-rotation contributions to moments of inertia. Table V compares the inertia defects of the trimer and the tetramer. The trimer has large negative inertia defects in all observed states. This is the result of the large amplitude out-of-plane torsional motions of the free deuteron atoms. In contrast, the inertia defects for the tetramer are positive, indicating very different tunneling motions from the trimer. The determined centrifugal distortion constants for the water tetramer are also much smaller than those of the trimer; another indication that the water tetramer is more rigid.
TUNNELING DYNAMICS
The most characteristic feature of the three bands identified for the water tetramer is the regular doublet splitting of each transition. The inversion motion between the two global minimum structures splits all vibrational levels into two tunneling states with opposite parities, which are symmetric or antisymmetric with respect to the inversion coordinate. Depending on the parities, the observed doublets can be the sum or difference of the ground state and excited state tunneling splittings. For the 2.04 THz ͑H 2 O͒ 4 band, the splitting is 2260 MHz, whereas for the analog 2.03 THz ͑D 2 O͒ 4 band, the splitting is only 5.6 MHz, about 400 times smaller. This In the VRT dynamics of the water trimer, the bifurcation tunneling, wherein the bonded and free hydrogen ͑deuteron͒ atoms interchange, splits each transition into a characteristic quartet. This type of tunneling is completely absent from the water tetramer ͑D 2 O͒ 4 spectra, although Cruzan et al. 23 observed line broadening in their ͑H 2 O͒ 4 study, which might be attributed to unresolved bifurcation tunneling. The largely quenched bifurcation tunneling again reflects the very different tunneling dynamics occurring in the water trimer and tetramer.
CONCLUSION
In this work, we reported the combined analysis of the 4.13 THz perpendicular band and the 2.03 THz parallel band of ͑D 2 O͒ 4 . More experimental and theoretical efforts, including new torsional band measurements and the development of a more appropriate Hamiltonian for the water tetramer, are required to obtain an understanding of dynamics of the water tetramer comparable to that existing for the water trimer.
There have been several proposed pair potentials [46] [47] [48] developed from fitting the terahertz VRT spectroscopic data that reproduce many properties of bulk liquid water very well. These advances, along with those described in the Introduction, are very encouraging. It will soon be possible to include the many-body dispersion and exchange terms in the potential by fitting to the water trimer, tetramer, and pentamer VRT spectroscopic data. Precise characterization of the water trimer and the water tetramer by VRT spectroscopy is the first step in this direction. Further progress will require new foundations of the high-dimensional VRT dynamics that are sufficiently efficient to enable calculation from global potential surfaces. Meanwhile, the detailed understanding of the water tetramer evolving from this work illustrates efforts to quantify the nature of many-body forces in the condensed phases of water. These efforts can be viewed in twofolds. The gas-phase spectroscopy of water clusters provides insights into the interactions between each water molecule in the cluster and the intrinsic properties of each water molecule. The results of these studies also provide good validity check for the theoretical calculations that intend to be used toward understanding of the condensed phase of water, as have been evidenced in the studies of water dimer.
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